This paper describes a new linear switched reluctance motor (LSRM) with a light and easily replaceable mover. The proposed LSRM has coils at both ends of the stator so as to have a thin shape, which is important for systems with a limited work space. The mover has a simple and thin shape, leading to easy fabrication and space savings. It is made from common materials and is easily recyclable. The flat areas on the surfaces of the mover and stator are used as a slide guide. The prototype LSRM has a thickness of 2.4 mm, and the thickness of the mover is 0.27 mm. The suitable driving signal for the proposed LSRM is determined from the numerical magnetic analysis results. The prototype LSRM shows a velocity higher than 285 mm/s and an acceleration higher than 3 m/s 2 .
Introduction
Linear drive mechanisms are important components in many industrial machines, such as manufacturing systems and inspection apparatuses. Electromagnetic linear motors have less vibration elements and smaller inertia effects than driving units with power transmission elements, which are typically used in linear drive mechanisms. Their features are suitable for high-speed machines [1, 2] and precision systems [3] [4] [5] . The use of linear motors increases every year [6] . In linear motors, powerful permanent magnets (PMs) are often used and greatly contribute to the high thrust performance. In many precision machines and high-speed linear motion mechanisms, PM linear motors with powerful PMs are chosen for actuators. However, the powerful PMs need rare earth elements, which lead to the risk of the cost rise and the supply instability. In addition, the powerful PMs often make it difficult to assemble the linear motors and disassemble them for recycling.
Linear switched reluctance motors (LSRMs) are free from the above problems caused by PMs. Additionally, they have a simpler and more robust configuration than PM linear motors. These properties lead to reliable and low-cost systems. Also, the lack of PMs makes it easy to assemble. These advantages make LSRMs a promising alternative actuator to PM linear motors. Research on the use of LSRMs for precision positioning has been reported [7] [8] [9] .
LSRMs also have suitable characteristics for compact linear-drive mechanisms. The simple shapes of LSRMs without PMs make it easy to downsize them. LSRMs may have lower power efficiency than PM linear motors, but lighter weight movers compensate for this. The efficiency is not very important, and the previously described advantages of LSRMs are more significant. A micro LSRM has been studied for micro positioning stages, micro fluidic devices, and minimally invasive surgery [10] . Furthermore, small and low-cost LSRM movers without coils can generate new possibilities for linear drive mechanisms, which have consumable or disposable movers. For example, when objects are inspected and/or fabricated with many machines, the small and consumable movers bonded to the objects can greatly reduce the effort involved in setting them on the machines. For safety, the movers can be discarded with other hazardous waste after testing. This paper describes a new linear switched reluctance motor with a light and easily replaceable mover. The mover has a simple and thin shape, leading to easy fabrication and space savings. It is made from two common materials, and easy recycling is expected. The stator also has a thin shape, which is important for stages in systems that have a limited work space, such as microscopes, inspection apparatuses, and alignment systems. The thin shape of the LSRM is obtained from the magnetic flux flow of the new LSRM, which is different from those of conventional LSRMs [11] [12] [13] . This paper first introduces the design and fabrication of the proposed LSRM and shows the basic driving characteristics of the prototype LSRM with a suitable driving signal. The remainder of this paper is organized as follows. The basic configuration and the driving principle of the proposed LSRM are introduced in Section II. In Section III, the prototype LSRM and its fabrication are explained. In Section IV, a suitable driving signal is determined from the numerical magnetic analysis results, and the basic driving characteristics are determined experimentally. Lastly, concluding remarks are presented in Section V. Figure 1 illustrates the basic configuration of the proposed LSRM, which is characterized by a thin and simple motor shape and an easily replaceable mover. The thinner shape slightly influences the effective working distance of the motion systems. Figure 1 (a) shows a three-dimensional view of the proposed LSRM, and its cross section is shown in Fig. 1(b) . The proposed LSRM consists of a stator and a mover. Their components have a single magnetic core layer. The layers are flat so as to be easily fabricated and used as a sliding surface. The stator has many beams and slots, and the beams work as stator core teeth. The coils of the stator are wound around both sides of the beams. The mover faces the area of the stator core where the coils are not wound. This coil location is different from that of conventional LSRMs, whose coils generally face the mover [11] [12] [13] . This location leads to a thin motor shape and distances the mover from the coils, which act as a heat source. In the mover, pieces of magnetic sheet material are aligned and sealed in nonmagnetic materials. The mover is driven on the flat stator surface between the coils, and it is easy to separate the mover from the stator. This feature and its easy fabrication make the mover easily replaceable.
Design

Basic Configuration
Driving Principle
The proposed LSRM can be driven by three-phase current signals. When current is applied to the phase A coils, magnetic flux flow is generated as shown in Fig. 2 . The magnetic fluxes from both sides of the coils face each other and then go through the mover core together. The proposed LSRM has many magnetic circuits, including one coil. Magnetic circuit A in Fig. 2 is one of the circuits. The mover core is moved so that the magnetic resistance of the magnetic circuit decreases. The generated thrust force increases 
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In general, the driving current of LSRMs is applied to the phase coils sequentially for a straight motion of the mover. The driving procedure of the proposed LSRM is illustrated in Fig. 3 , where the mover is driven to the left side. The thrust force is generated at the mover core pieces near the active phase coils. When the mover core pieces move near the center of the slot, the active phase coils are switched, as shown in Fig. 3. Figure 4 shows the mover of the prototype LSRM. It has a simple and flat shape made from common, low-cost materials. The mover is not held structurally. Thus, it also can be disposable. The fabricated mover has many thin pieces of a rectangular silicone steel sheet, of which the size is 2 mm × 1.2 mm × 0.23 mm. The pieces are sealed in epoxy resin so that they are aligned at equal spacing. The pitch of the mover core is determined to be 2.4 mm. Figure 5 shows the fabrication process for the mover. First, the thin pieces are aligned at equal spacing using jig A. Next, the aligned pieces are moved from jig A to jig B. In jig B, the pieces are sealed in epoxy resin. It is easy to adjust the length of the mover, from which the working range is determined. The width of the fabricated mover is 4.1 mm, and its thickness is 0.27 mm. The thickness of the epoxy resin layer on the core is 0.04 mm. Figure 6 shows the fabricated stator with one core layer. The stator core is a silicone steel sheet with multiple beams, and its thickness is 0.5 mm. The pitch of the stator core is 2 mm. One sheet structure of the stator core eliminates the core alignment process and makes it easy to fabricate the stator. The center area of the stator is used as a sliding surface. The 
Prototype LSRM
Journal of Advanced Mechanical Design, Systems, and Manufacturing
Vol. 7, No. 3, 2013 slots in the sliding surface are bridged with epoxy resin so that the sliding surface area is flattened. The thickness of the epoxy resin layer in that area is about 5 μm. The coils are located at both sides of the stator core beams. The coil wire has a diameter of 0.3 mm and has 45 turns per coil. The stator has 12 coils divided into three-phase coils. The footprint of the stator (including the area for fixing it) is 39.2 mm × 48 mm. The maximum thickness is 2.4 mm and depends on the winding technique. The thickness is thinner than those of conventional thin linear motors [13, 14] .
For improving the lubricating condition, a polytetrafluoroethylene (PTFE) film is bonded to the sliding surface of the stator. The total thickness of the nonmagnetic layer on the stator core is 0.13 mm. The surface of the mover is coated with fluororesin. Figure 7 shows the experimental setup, and a zoomed view of the prototype LSRM is shown in Fig. 7(a) . The mover is longer than the stator in the traveling direction. For supporting the mover, linear slide guide parts are connected to the edges of the stator in the traveling direction. The slide guide parts are made of PTFE. The guide parts have a groove with a width of 4.2 mm and a depth of 0.2 mm. A linear encoder (GSI Group Inc., Mercury II 5800) is used as a displacement sensor. A scale is also put on the mover. The length of the mover is 50 mm, and its weight (including the scale) is 0.45 g.
Driving Characteristics
Experimental Setup
An overall view of the experimental setup (including the prototype LSRM) is shown in Fig. 7(b) . The generated thrust force is measured with a load cell (Kyowa Electronic Instruments Co., Ltd., LTS-50GA). The sensors and the three amplifiers for driving the prototype LSRM are connected to a digital signal processor unit, which is used for data 
Determination of Suitable Driving Signal
In this subsection, the most suitable driving signal is determined from the numerical magnetic analysis results. Figure 8 shows three candidate driving signals for the proposed LSRM, that is, driving signals DS1, DS2, and DS3. The DS1 driving signal in Fig. 8(a) is a fundamental one. In DS1, only one coil phase is driven, and the active coil phase is switched in series for mover movement in the x direction. The DS2 driving signal in Fig.  8(b) has the current applied for an extended period, during which two coil phases are driven to increase the average thrust force. The DS3 driving signal is negative in the extended period.
The prototype LSRM has a slide guide. A large normal force can poorly influence the driving characteristics of the LSRM. Thus, the thrust force and the normal force are examined using a commercial 3D finite element analysis program with an adaptive automesh function (Maxwell® 3D from ANSYS, Inc.). Figure 9 shows the thrust and normal forces from the three driving signals. In comparison with DS1, DS2 gives a larger thrust force. However, it also generates the largest normal force among the candidate driving signals. The ratio of the normal force to the thrust force from DS2 is similar to that from DS1. The large normal force increases the friction force, which deteriorates the driving characteristics. In contrast, DS3 generates the largest thrust force but has almost the same normal force as DS1. In the extended period, the ratio from DS3 is smaller than those from Figure 10 shows the measured static thrust force characteristics of the prototype LSRM. The DS3 driving signal, which had an amplitude of 3.78 A, was used in the experiment. The measured thrust force is smaller than the calculated force. The difference is considered to be mainly caused by the frictional force. As shown in Fig. 9 , the proposed LSRM generates a normal force that is about 4 times as large as the thrust force. This suggests that the normal force gives a large friction force, which significantly decreases the effective static thrust force. Figure 11 shows the reciprocating motion of the prototype LSRM, including the displacement, velocity, and acceleration responses of the mover. The sampling period was 0.1 ms. The DS3 driving signal, which had an amplitude of 3.78 A, was used. The velocity Fig. 11(b) is determined from the measured displacement in Fig. 11 (a) using the backward differential rule and a second-order low-pass filter with a 3 kHz cutoff frequency.
Driving Characteristics
The maximum velocity of the mover exceeds 285 mm/s. Figure 11 (c) shows the acceleration response of the mover. A 10th-order low-pass filter was used to reduce the quantization error effect.
The maximum acceleration occurs when the mover starts to decelerate. It is larger than the acceleration estimated from the peak thrust force in Fig. 10 . The acceleration is considered to result from the friction force. When the mover velocity increases, the average acceleration is about 3 m/s 2 . The fluctuation in the acceleration is a result of the static thrust ripple characteristics. Fig. 11 Reciprocating motion of the prototype LSRM
Conclusion
In this paper, a novel compact LSRM with a thin and easily replaceable mover has been introduced. The proposed LSRM has a thin shape for averting the negative effect of the size on the working range of the machine. The mover is characterized by its ease of fabrication and disposability. In this paper, a prototype mover was made of thin magnetic steel pieces and epoxy resin using simple jigs. The thickness of the fabricated mover is 0.27 mm, and its weight (with the sensor scale) is 0.45 g. The thickness of the prototype LSRM is 2.4 mm. The size of the fabricated mover was determined from the thickness of the magnetic steel. A thinner magnetic material will decrease the negative effect of the mover size.
A suitable driving signal was determined based on the numerical magnetic analysis. The selected driving signal provides the smallest normal force among the candidate signals. A small normal force is desired since the LSRM has a slide guide. The measured thrust force was smaller than the calculated force because of the friction force. However, the prototype LSRM shows a velocity of 285 mm/s and an acceleration of 3 m/s 2 . They are in the main performance range for precision mechanisms [6] . For increasing the usefulness of the proposed LSRM, it is important to improve the driving characteristics and to realize a precision positioning system with the proposed LSRM. These are planned for future work. 
